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doi: 10.1016/j.bpj.2010.01.005Mixtures of cholesterol (Chol) and phospholipids have long
been studied as models of the lipid bilayer region of animal
cell membranes (1,2). In particular, the binary mixture of
Chol and dipalmitoyl-phosphatidycholine (DPPC) has served
as a prototypical model membrane and the often used ideas
and terminology of liquid-ordered and liquid-disordered
phases arose largely from studies of this system (3,4). This
simple binary mixture continues to be a useful system to
study intermolecular forces in bilayers and recent studies
have led to a re-examination of its phase behavior (5,6).
Early NMR studies of mixtures of Chol and deuterated
DPPC in bilayers showed a Chol-dependent increase in the
deuterium quadrupole splitting due to ordering of DPPC
acyl chains. In addition, line broadening was observed at
intermediate Chol concentrations which was interpreted to
arise from DPPC molecules moving between coexisting
liquid phases (domain size ~25 nm) and led to a much
cited phase diagram for the binary DPPC/Chol mixture (4).
A more recent study from the same group has reinforced
this view and has additionally acknowledged the possibility
of line broadening arising due to composition fluctuations
close to a miscibility critical point (6).
In contrast to bilayers composed of binary mixtures of
cholesterol and phospholipids, thosemade of ternarymixtures
of DPPC, Chol, and a third lipid such as diphytanoyl-phos-
phatidylcholine (DiPhyPC) show micron-sized immiscible
liquid domains when observed by fluorescence microscopy
(5,7). The absence of micron-scale phase separation in binary
mixtures combined with the orientation of tie-lines that
connect compositions of coexisting phases in this ternary
mixture has led to a counter-proposal that there is no liquid-
liquid phase separation in the binary DPPC/Chol mixture (5).
The present study addresses these different interpretations
using a thermodynamic model involving formation of a
‘‘condensed complex’’ between Chol and DPPC. The com-plex is immiscible with DPPC and DiPhyPC. The condensed
complex model has been used previously to successfully
describe phase diagrams, NMR relaxation rates, and other
physical properties of cholesterol-containing monolayers
and bilayers (8–11). Here, this model is extended to account
for liquid-liquid phase separation in both binary and ternary
mixtures.
As before, this study considers a liquid bilayer composed
of Chol (C), DPPC (P1) and DiPhyPC (P2). The condensed
complex (CP1) forms in a reversible reaction
C þ P14
Keq
CP1: (1)
Here, Keq is the equilibrium constant and 1:1 stoichiometry is
chosen for simplicity. The regular solution free energy of the
equilibrium mixture of C, P1, P2 and CP1 is
G ¼
X
i
xi

m0i þ kBTlnxi
 þ 2kB
X
i<j
xixjT
0
ij (2)
where kB is Boltzmann’s constant, m
0
i is the standard chem-
ical potential of pure component i, xi is its equilibrium
mole fraction and T0ij is the critical temperature of the i - j
binary pair (representing a mean field repulsion). All of the
standard chemical potentials are constant and are set to be
zero with the exception of the complex m0CP1 ¼ kBTlnKeq.
As has been done before, this study assumes immiscibility
between the complex and DiPhyPC to model the closed
miscibility loop found in this ternary mixture (9,12). The
DiPhyPC/DPPC/Chol mixture is especially attractive for
modeling since the closed miscibility loop can be determined
in its entirety at higher temperatures without interference
AL42 Biophysical Lettersfrom the solid gel phase that forms at 41C, the main chain
melting temperature (Tm) of DPPC (13). This study also
assumes immiscibility between complex and DPPC to
generate phase separation in the binary DPPC/Chol mixture.
The critical temperatures for the other four binary pairs are
set to be zero. At a given temperature, there are only three
parameters: Keq, T
0
CP1P1 and T
0
CP1P2 . Equilibrium free
energies and phase boundaries are calculated as described
previously (14). The experimental data that this study seeks
to fit are the ternary critical temperature of DiPhyPC/DPPC/
Chol which has been measured to be ~55C and the closed
miscibility loop at lower temperatures (5). Phase separation
in the binary DPPC/Chol mixture is assumed to terminate
at a critical temperature of 45C, slightly above 41C, the
Tm of DPPC. These criteria severely restrict the range of
values for the parameters, best-fit values for which are
T0CP1P1 ¼ 328K, T0CP1P2 ¼ 403K, and Keq ¼ 150 at
298K. The temperature dependence of Keq is given by an
exothermic heat of reaction of 9.6 kcal/mole of DPPC,
a value consistent with previous estimates (8).
A ternary phase diagram calculated using the above param-
eters at 50C is shown in Fig. 1 A. The closed miscibility loop
bears strong resemblance to that observed experimentally for
this mixture (5). The two-phase region shrinks with in-
creasing temperature due to dissociation of complexes and
increased entropy of mixing, and disappears at the ternary
critical temperature of 55C. The pair of critical points at
50C (open circles, Fig. 1 A) eventually merges into a singleA 50°C
B
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FIGURE 1 Calculated phase diagrams for mixtures of DiPhyPC,
DPPC and Chol. (A) Closed miscibility loop for ternary mixtures
at 50C showing tie-lines in the two-phase region, a pair of critical
points at 50C (open circles) and the ternary critical point at 55C
(solid circle). (B) Temperature-composition phase diagram for
the binary DPPC/Chol mixture. An upper critical point at 45C
(solid circle) and the solid line at 41C (Tm of DPPC) bound
the two-phase region of coexisting liquids. The area below
41C (gray shaded region) is made complicated by solid phase
formation, not treated here.
Biophysical Journal 98(9) L41–L43ternary critical point at 55C (large solid circle, Fig. 1 A). At
lower temperatures, liquid-liquid immiscibility is seen in the
binary DPPC/Chol mixture as shown in Fig. 1 B. This two-
phase region terminates in an upper critical point at 45C
(solid circle, Fig. 1 B) and is bounded at lower temperatures
by the eutectic at 41C, where DPPC undergoes a liquid-to-
solid phase transition. At temperatures below 41C (gray
region, Fig. 1 B), the liquid-liquid two phase region would
be obscured by the formation of solid phase DPPC. This
study focuses only on liquid-liquid immiscibility, and in
particular on details of the tie-lines.
As can be seen in Fig. 1A, the orientation of tie-lines within
the closed miscibility loop is a strong function of the ratio of
DPPC:DiPhyPC. When this ratio is low (close to the left
critical point in Fig. 1 A), the tie-lines lie at an angle almost
perpendicular to the binary DPPC/Chol axis. As the
DPPC:DiPhyPC ratio increases (approaching the right crit-
ical point in Fig. 1 A), the tie-lines rotate counterclockwise
approaching an angle almost parallel to the DPPC/Chol
axis. A hypothetical extrapolation of tie-lines beyond the
two-phase region shows that they originate from a common
point on the DPPC/Chol axis where xChol ¼ xDPPC ¼ 0.5
and the concentration of complex is highest. The competing
immiscibilities between condensed complex and phospho-
lipid (DiPhyPC or free DPPC) drive the tie-lines into a fan-
like arrangement. Fig. 2 shows a phase diagram calculated42°C
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FIGURE 2 Calculated phase diagrams for mixtures of DiPhyPC,
DPPC, and Chol. (A) Phase diagram at 42C where the two-phase
region encompasses ternary and binary compositions. The tie-
lines adopt a fan-like arrangement starting parallel to the
DPPC/Chol axis and ending at the critical point (open circle).
(B) Critical points at various temperatures ranging from 55C
(ternary critical point, solid circle) to 41C (binary critical point
on DPPC/Chol axis, solid circle). Open circles denote critical
points at intermediate temperatures. The binodal curves bound-
ing two-phase regions at 42C and 50C are also shown.
Biophysical Letters L43at 42Cwhere the tie-line splaying is more easily visible. The
closed miscibility loop has fused with the DPPC/Chol binary
axis at this lower temperature, eliminating one of the critical
points and yielding two co-existing liquid phases in both the
ternary and binary mixtures. Proximity of the upper critical
temperature in the DPPC/Chol mixture to the eutectic at
41C may complicate experimental detection of a two-phase
region. Fig. 2B shows binodal curves at 50C and 42C along
with a line of critical points. The large solid circles represent
the ternary critical point at 55C and the binary critical point
at 45C.
In contrast to studies of bilayer mixtures to date, mono-
layers at the air-water interface composed of binary DPPC/
Chol mixtures do show coexisting liquid phases when
observed by fluorescence microscopy (15). The phase dia-
grams of monolayer mixtures have been modeled by regular
solution theory involving condensed complexes (8), much
like the calculations presented here. A repulsion between
complex and DPPC (similar to the T0CP1P1 parameter used
here) was used in the earlier monolayer studies. Unfortu-
nately, the monolayer critical temperatures are strongly
pressure-dependent which complicates quantitative compar-
isons with the bilayer systems in this study.
Closed miscibility loops arise in ternary mixtures when
the ternary critical temperature is higher than the critical
temperatures of the three possible binary pairs and many
examples have been reported (see Radhakrishnan and
McConnell (9) for a partial list). The study by Raub and
Engel (16) on the ternary alloy mixture of Au/Ni/Cu is espe-
cially informative as it shows a closed miscibility loop at
higher temperatures which fuses with the Au/Ni binary
axis as the temperature is lowered. Both the shape of the
two-phase regions and fan-like arrangement of tie-lines in
this ternary alloy mixture are in general agreement with the
calculations in Fig. 1 A and Fig. 2 A. The model used for
Chol-phospholipid mixtures here could be relevant to the
alloy mixture as well, assuming a complex AuCu3 which
is immiscible with Ni and Cu.
The measured tie-lines in DiPhyPC/DPPC/Chol ternary
mixtures are roughly perpendicular to the DPPC/Chol axis
(5), whereas any phase separation in binary DPPC/Chol
mixtures would be along tie-lines parallel to that binary
axis. An argument has been made that this orthogonal
arrangement of tie-lines would be implausible on thermody-
namic grounds, thereby implying that there is no phase
separation in the binary mixture (5). However, the calcula-
tions here show a dramatic rotation of tie-lines from parallel
to roughly perpendicular with respect to the DPPC/Chol axis
(Fig. 1 A and 2 A). The calculations use a model of con-
densed complexes of DPPC and Chol which has already
been successful in accounting for several properties of
membranes containing cholesterol (8–11). Other models
that are consistent with the known phase diagrams may
also result in rotation of tie-lines. Based on the calculations
presented here, it is proposed that the direction of tie-linesin ternary mixtures does not preclude possible phase separa-
tion in binary DPPC/Chol mixtures. A putative two-phase
region such as that shown in Fig. 1 B may have escaped
detection by microscopy methods due to proximity of the
binary critical temperature to the Tm of DPPC. It is also
possible that NMR line broadening in mixtures of DPPC/
Chol that has been interpreted in terms of coexisting liquid
phases (4,6) may instead arise due to composition fluctua-
tions in the vicinity of a miscibility critical point or the
kinetics of complex formation and dissociation (10).ACKNOWLEDGMENTS
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